Early-life dietary transitions reflect fundamental aspects of primate evolution and are important determinants of health in contemporary human populations 1, 2 . Weaning is critical to developmental and reproductive rates; early weaning can have detrimental health effects but enables shorter inter-birth intervals, which influences population growth 3 . Uncovering early-life dietary history in fossils is hampered by the absence of prospectively validated biomarkers that are not modified during fossilization 4 . Here we show that large dietary shifts in early life manifest as compositional variations in dental tissues. Teeth from human children and captive macaques, with prospectively recorded diet histories, demonstrate that barium (Ba) distributions accurately reflect dietary transitions from the introduction of mother's milk through the weaning process. We also document dietary transitions in a Middle Palaeolithic juvenile Neanderthal, which shows a pattern of exclusive breastfeeding for seven months, followed by seven months of supplementation. After this point, Ba levels in enamel returned to baseline prenatal levels, indicating an abrupt cessation of breastfeeding at 1.2 years of age. Integration of Ba spatial distributions and histological mapping of tooth formation enables novel studies of the evolution of human life history, dietary ontogeny in wild primates, and human health investigations through accurate reconstructions of breastfeeding history.
Weaning, the dietary transition from breast milk to exclusive solid food intake, concludes several years earlier in modern humans than in other great apes 5, 6 . Cross-cultural studies of nonindustrial societies reveal remarkable variation in weaning practices 7 . However, among non-human primates, dietary transitions remain understudied 8, 9 . In addition to the paucity of comparative primate data, our understanding of the evolution of human weaning has been limited by difficulties in assessing the precise timing and nature of dietary transitions during infancy 3 . Dental hard tissues are particularly valuable for reconstructing diet as they contain precise temporal and chemical records of early life 4 . Teeth begin forming in utero, record birth as the neonatal line, and manifest daily growth lines, which allow chronological ages to be determined at various positions within tooth crowns and roots (Supplementary Fig. 1 ).
We propose that micro-spatial analysis of barium/calcium ratios (Ba/Ca) in dental tissues represents a powerful approach to assess dietary transitions. Whereas prenatal Ba transfer is restricted by the placenta, marked enrichment occurs immediately after birth from mother's milk or infant formulas, which contain higher Ba levels than umbilical cord sera 10 . In response to these variations in dietary Ba exposure, Ba/Ca in enamel and dentine should increase at birth, remain elevated for the duration of exclusive breastfeeding and rise further with introduction of infant formula. Circulating Ba levels are expected to change at weaning as Ba (and Ca) content and bioavailability is markedly different across plant and animal food sources 11,12 . To test this hypothesis, we investigated Ba/Ca patterns in teeth from human children for whom early life diets were recorded prospectively, and in teeth from captive macaques in which maternal milk was collected and suckling behaviour observed.
High-resolution elemental analysis by laser ablation-inductively coupled plasma-mass spectrometry revealed marked Ba/Ca increases in enamel and dentine formed immediately after birth in human deciduous teeth (n 5 22 of 25 individuals) ( Fig. 1a -c). In 9 of 13 children who were initially breastfed and given infant formula later, two distinct zones of Ba/Ca distribution were apparent in postnatal regions formed before crown completion ( Fig. 1d, e ). Histological analysis ( Supplementary Fig. 2 ) revealed a close correspondence between the formation time of the first zone and maternal reports of exclusive breastfeeding. Four individuals who continued to consume breast milk for a long period (9-42 months) after the introduction of formula at 1-2 months did not show two distinct Ba/Ca zones in enamel or dentine. In children for whom formula was introduced almost immediately after birth and who were breastfed for less than 1 month ( Fig. 1e ), the first Ba/Ca zone immediately adjacent to the neonatal line was narrower than in infants exclusively breastfed for longer. Individuals who were exclusively breastfed during the entire period of tooth crown formation (n 5 7 of 25; Fig. 1f ) showed an increase in Ba/Ca across the neonatal line, but as expected, no subsequent Ba/Ca zoning was apparent in postnatally formed dentine (as seen in infants who made a transition from breast milk to formula). Thus, Ba enrichment provides unambiguous evidence for postnatal feeding, as well as the beginning of supplementation; however, the transition from exclusive breastfeeding to formula intake may be obscured when breast milk remains the predominant dietary component after formula introduction. The extent of Ba/Ca increase at birth varies due to inter-individual differences in breast milk and formula Ba content. This is illustrated in Fig. 1f where the rise in Ba/Ca in response to breastfeeding is lower than in other individuals ( Fig. 1d, e ). Data on Ba/Ca values are given in Supplementary Table 1 and Supplementary Fig. 3 .
Macaque permanent first molars also showed clear distinctions in Ba/Ca between pre-and postnatal regions, and close correspondence of postnatal changes in dental tissues and mother's milk (Supplementary Fig. 4 ). Although more diffuse owing to the nature of mineralization, Ba/Ca patterns in enamel correlated closely with dentine. Temporal mapping revealed Ba/Ca increases for the first 3-3.5 months of postnatal life ( Fig. 2 , Supplementary Figs 4-6 and Supplementary  Table 2 ), followed by decreases that correlated with declines in suckling time and the initiation of solid food consumption. Moreover, Ba/Ca decreased more gradually during natural weaning than in individuals who experienced truncated weaning periods (Fig. 2 ). In the most extreme case, an individual separated from its mother for several weeks at 166 days of age, precipitating cessation of milk synthesis and mammary gland involution, showed an abrupt Ba/Ca drop ( Fig. 2c) , which was independently estimated at 151-183 days of age.
Building upon our prospectively validated human and macaque results, we precisely documented diet transitions in a juvenile Neanderthal 13 . Barium is incorporated into the mineral phase (hydroxyapatite) during tooth calcification, which occurs rapidly after secretion in dentine, and more slowly and diffusely in enamel during maturation 14, 15 . Trace elements such as Ba are more resistant to postmortem diagenetic alteration in enamel than in dentine, due in part to the greater original mineral content and lack of natural pores 16 . Thus, the distribution of Ba/Ca in well-preserved tooth enamel may yield direct information on early-life dietary transitions in fossil hominins.
Chemical and temporal mapping of Neanderthal first molar enamel (Fig. 3) revealed a transition pattern similar to the macaque that weaned abruptly. After approximately 13 days of prenatal enamel formation, Ba/Ca near the enamel-dentine junction increased and remained elevated until approximately 227 days of age (,7.5 months), followed by intermediate values until 435 days of age (1.2 years). After this age Ba/Ca rapidly returned to prenatal levels for the final 1.15 years of crown formation. The Ba/Ca patterns in enamel were not observed in dentine due to diagenetic modification after death. However, diagenesis did not seem to have a significant influence on enamel, as concentrations of diagenetic indicators 17 were low (Supplementary Table 3 and Supplementary Fig. 7 ). Furthermore, enamel Ba/Ca levels were similar to published values for other hominins 11, 18 , and Ba/Ca shifts were similar in form and timing between both mesial cusps, suggesting that the transition represents biogenic input rather than post-mortem modification (Supplementary Discussion). Although the subsurface occlusal and cervical enamel appears to show minor cracks that may lead to local modification 17 , most of the tooth crown is intact and naturally coloured. The Scladina individual has also yielded mtDNA and enamel proteins 19, 20 , indicating that it is a well-preserved fossil.
Strontium/calcium ratios (Sr/Ca) in tooth enamel have been interpreted to reveal dietary transitions in baboons and humans 9,21 . However, these events were inferred from species-typical norms or incisor. Dentine horn is indicated by an arrowhead. b, Area highlighted in a and polarized light micrograph. In dentine (D), Ba/Ca levels show a marked increase coinciding with the neonatal line (white arrowheads). The neonatal line in enamel (E) is indicated by black arrowheads and the enamel-dentine junction by arrows. c, Ba/Ca measured adjacent to the enamel-dentine junction from dentine horn to cervix of a, which rose at birth and with the introduction of infant formula (21-24 days). The x axis shows days since birth (B). d-f, Three diet patterns: breastfeeding for 3 months (dotted white line) followed by exclusive formula feeding (solid black line) (d); formula introduced within 1 week of birth (solid black line) (e); and exclusive breastfeeding (dotted white line) (f). The neonatal line is indicated by a dashed white line. Intensity indices are Ba/Ca 3 10 24 . High Ba/Ca ratios adjacent to pulp (red zone) are in secondary dentine, a later-forming region not relevant to the current study (see ref. 12 ).
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recalled retrospectively years after the event, which may be subject to significant recall bias 22 . In light of this, and concerns that Sr might be more susceptible to diagenetic alteration than Ba due to its higher diffusivity 23, 24 , a posthoc comparison of Sr/Ca and Ba/Ca was conducted. We found that the reconstruction of diet history from Sr/Ca mapping was impeded due to proportionately smaller changes in Sr levels across transitions and inconsistent patterns in human and macaque samples ( Supplementary Figs 3, 8 and 9 , Supplementary  Tables 4 and 5 , and Supplementary Discussion). Two distinct regions between birth and 1.2 years were observed in the Neanderthal tooth for Ba/Ca and Sr/Ca, representing exclusive breastfeeding and solid food supplementation, although this is less clear from Sr/Ca when compared to Ba/Ca ( Supplementary Fig. 10 ). Thus, Ba/Ca provides greater resolution of dietary transitions than Sr/Ca in extant and fossil material. Nonetheless, measurements of Sr isotopes in enamel have yielded useful data on diet and migration in early hominins 18 .
We have shown a direct correlation between Ba/Ca distributions in human deciduous teeth and breastfeeding data collected prospectively, thereby avoiding recall bias. In the macaques, patterns of suckling behaviour and Ba concentration in mother's milk are consistent with Ba/Ca in dental tissues, which consistently show a decrease in Ba/Ca from the onset of supplementation. Taken collectively, these results demonstrate that Ba/Ca in teeth effectively reflect Ba intake via mother's milk, and can be used to document developmental transitions in future studies of wild primate skeletal material, and for assessments of human health outcomes.
In the Scladina Neanderthal, the protracted weaning process typical in primates was interrupted by unknown cause(s), precipitating abrupt cessation of suckling. The period of exclusive breastfeeding in this Neanderthal is consistent with other hominoids; human huntergatherers and wild chimpanzees also begin to supplement milk with solid food by around 6 months of age 5, 25 . Humans and chimpanzees may wean offspring as early as 1.0 and 4.2 years, respectively, without a, Macaque 515: natural weaning after 296 days. b, Macaque 152: weaned slightly early due to maternal separation at 257 days. c, Macaque 401: markedly truncated weaning owing to maternal separation at 166 days. This individual's weight fluctuated during the final 7 months of life due to illness; post-weaning enrichment may be owing to release from skeletal stores 30 . Diet transitions: prenatal regions (arrowhead), exclusive mother's milk (MM), transitional (T) periods, and post-weaning regions delineated in enamel (dotted lines) and dentine (black arrows). The enamel-dentine junction is indicated with a dashed line. The y axis shows enamel Ba/Ca adjacent to the enamel-dentine junction. The x axis shows days since birth (B) and weaning (red line). Elemental maps of dentine and enamel were rendered on different scales to show Ba/Ca transitions clearly. RESEARCH LETTER serious health effects, but average 2.3-2.6 years 5 and 5.3 years 25 . When applied to additional samples, our approach will allow the evaluation of hypotheses that Neanderthal young routinely weaned at later ages than Upper Palaeolithic hominins 26 , or possessed faster life histories than modern humans 13 , which have important implications for models of hominin population growth and species replacement.
METHODS SUMMARY
Human teeth were supplied from the Center for the Health Assessment of Mothers and Children of Salinas study, Monterey County, California, USA 27 . Pregnant women were recruited before 20 weeks gestation, and data on breastfeeding and use of infant formulas were prospectively collected. From the 7-year assessment onwards, mothers were asked to bring in a tooth the child had shed, which was prepared according to standard histological techniques. The neonatal line was used to identify pre-and postnatal developmental periods. Prominent long-period incremental lines were mapped, and daily growth cross-striations in enamel were measured to determine the average daily enamel secretion rate. Macaque samples were obtained from two mother-infant dyads and two additional juveniles at the California National Primate Research Center (CNPRC), UC Davis, California, USA. Mothers and infants were captured for milk collection and morphometric measurements three times during lactation. Methods for rhesus macaque milk collection are described elsewhere 8 . In the week before milk collection, observations of infant suckling behaviour were recorded 28 . Dentitions were collected opportunistically during animal necropsy in conjunction with the CNPRC Biological Specimens Program. First molars were dissected out after fixation, and histological sections were prepared and analysed following established protocols 13 . The Scladina Neanderthal upper first maxillary molar had been previously sectioned and temporally mapped 13 . Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) was used for elemental analysis of all samples according to published protocols 29 . Instrument parameters were selected to generate images with pixel sizes of approximately 900 mm 2 . Reported element ratios (Ba/Ca 3 10 24 and Sr/Ca 3 10 23 ) were calculated from concentrations determined using 43 Ca, 88 Sr and 138 Ba with standard NIST 1486 bone meal. Other elements were quantified against NIST 612 as a standard. Changes in Ba/Ca were assigned ages by overlaying photomicrographs from histological temporal maps, which were registered along the enamel-dentine junction.
